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FOREWORD 
The report  summarizes the work done by the High Temperature 
Laboratory of the Heat Transfer  Division, Department of Mechanical Engineering, 
University of Minnesota, Minneapolis, Minnesota, during the third year of a 
research  program sponsored by the National Aeronautics and Space Administration, 
Lewis Research Center,  Cleveland, Ohio, under Contract No. NAS 3-2595. The 
contract 's  technical project manager was Mr.  J. Sovey of the Spacecraft 
Technology Division, Lewis Research Center.  The report  covers work conducted 
from July, 1964 through June, 1965. 
The authors wish to express their  sincere thanks to Dr .  K . F .  Knoche, 
Docent f rom the Institute of Technology in  Stuttgart, Germany for  his valuable 
contributions in the spectroscopic part of this work. 
indebted t o  W .  Aung, G. Gruber, and W .  Hagen who contributed to the research  
program in the design of components, experiments and data reduction. 
a r e  a lso expressed to  the members  of the Heat Transfer  shop for  their  consistently 
high quality workmanship. 
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ABSTRACT 
The a r c  tunnel tes t  facility was supplemented with a plane segmented 
Tests  in an argon anode, a plane double anode and several cylindrical anodes. 
atmosphere indicated that there is a third mode of operation called the "takeover 
mode" which is characterized by more  o r  less  sinusoidal voltage fluctuations. 
An attempt was made to explain the significant features of this mode in contrast 
to the fluctuating mode with a characterist ic sawtooth-shape of the a r c  voltage 
caused by restriking of the a r c .  The third mode of operation, together with the 
other two modes described in last  year's Summary Report, is found with simplified 
a s  well a s  the more complicated geometries. This finding confirms the assumption 
that the basic s tudies  of the a r c  behavior may be performed with simplified a r c  
geometries. 
A large number of anode energy balances using different anode 
geometries were established. F rom spectroscopic measurements ,  the thermo- 
dynamic state of the plasma was determined for one set  of a r c  parameters .  
Preliminary tes ts  in pure hydrogen atmosphere a r e  also reported. 
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I. INTROCUCTION 
In the development of a r c  plasma devices, special problems a r i se  due 
to the intense heat fluxes into the electrodes. 
of the heat t ransfer  mechanisms and their parametr ic  dependence, the Heat Transfer 
Laboratory started,  in December 1961 under the sponsorship of NASA, a long range 
r e sea rch  program in the specific area of high temperature plasmas generated by 
electr ic  a r c s .  The pr imary purpose of these investigations has been to s tudy the 
basic heat t ransfer  phenomena a s  they occur in electric CC a r c  plas,nas with 
particular attention being focused upon the cathode and anode regimes.  
that such a basic understanding of the fundamental process involved will then permit 
the prediction, a t  least on a qualitative scale,  of the heat t ransfer  in various 
other situations, 
In order  to gain a basic understanding 
It is felt 
Cue to the complex nature of the physical phenomena and the limited 
access  afforded by the geometries of e lectr ic  a r c  plasma devices, i t  was 
imperative to s ta r t  the research  where at  ieast  the geometries involved were 
simple and well defined. 
was a free-burning, high intensity M; a r c  operated between a plane, water- 
cooled, copper anode and a rod-shaped, water-cooled, tungsten cathode 
arranged with i ts  axis normal to the plane of the anode. 
mounted in a sphericai test  chamber which permitted unobstructed viewing of the 
plasma column a s  well a s  of the cathode and anode regimes.  
measurements  were taken using argon a s  the working fluid in a pressure  range 
between 20 mmHg and 1 atmosphere for various electrical  input powers up to 
20 kW: 
Therefore,  the f i rs t  electrode geometry investigated 
These electrodes were 
The following 
- 2 -  
1. Total energy flux to the anode and establishment of an 
overall energy balance for  the a rc .  
Temperature distributions in the a r c  plasma by spectroscopic 
means. 
Distribution of local energy and current flux into the anode. 
Total a r c  radiation to i t s  surroundings. 
Establishment of a cathode energy balance. 
2 .  
3. 
4. 
5. 
The results of these measurements  were reported in the Summary Report which 
was submitted to NASA in 1963 (1). - 
The second electrode geometry selected f o r  these studies consisted 
of a plane, water-cooled, copper anode and a tungsten cathode which could be 
positioned with its axis either normal o r  inclined to the anode surface. 
addition, a f ree  jet gas s t ream w a s  directed parallel to the surface of the 
anode with different velocities in order to study the influence of such a gas flow 
on the heat fluxes using various power inputs and gases .  
was again mounted in the spherical test chamber. 
thought to represent the best compromise between the situation encountered in 
plasma generators and the accessibility of a simple model, because the flow 
conditions a r e  quite similar to those of nozzle-shaped anodes of a number of 
plasma generators while all the previous tools and methods of investigation can 
still be applied. 
In 
The entire assembly 
This second geometry was 
The experiments performed with the second geometry were mainly 
of a qualitative nature, and the results of these experiments a r e  also included 
in the report  mentioned above (1). It was determined that the experimental - 
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apparatus in the spherical test  chamber had several limitations both from a 
scientific and economic viewpoint. 
jet was too small to encompass the entire a r c  in a uniform flow field. 
since the tes t  chamber had to be exhausted into the atmosphere--our vacuum 
system w a s  too small  to har'dle the required amount of low pressure gas-- 
tes t s  could only be performed a t  atmospheric o r  higher pressures .  
the blowing velocities needed for meaningful results turned out t o  be higher 
than expected, requiring unreasonable quantities of cylinder gas. 
F i r s t ,  the size of the blow-down type free 
Second, 
Finally, 
It was necessary,  therefore, to construct a new test  facility, which 
in order  to more  adequately ca r ry  out the is  r e fe r r ed  to a s  the "arc tunnel, 
a ims of the experimental par t  of the ensuing research program. With this 
new a r c  tunnel, it has been possible to adjust the independent parameters ,  such 
a s  a r c  current,  gas flow velocity, gas pressure,  and a r c  electrode spacing, 
over a w i d e  range. 
orientations may be utilized. 
i ts  large window opening which provides unobstructed viewing of the entire 
a r c  including the cathode and anode attachment regimes.  
In addition, different gases and cathode-anode shapes and 
Another important feature of the a r c  tunnel is 
In the last  year 's  Summary Report (2), the a r c  tunnel was described - 
in detail along with i ts  instrumentation. 
performed in the a r c  tunnel using argon a s  the working fluid: 
The following measurements were 
1) Cold-flow velocity profiles in the tes t  section were determined 
and the flow uniformity was established. 
The general behavior of the a r c  with superimposed axial 
flow was investigated by applying high speed photography 
combined with electrical measurements .  
2) 
I ' '  
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3 )  The influence of the cathode orientation and of the gas flow on 
the overall energy balance of the a r c  was studied at different 
f 
1 parameter settings. 
In addition, some preliminary tes t s  in a hydrogen atmosphere were 
performed which demonstrated that a hot anode permits a more  diffuse a r c  
attachment than commonly observed with water-cooled anodes. 
The purpose of this report is to summarize the work carr ied out 
I 
a 
1 
I 
8 during the third year of this research program. 
were designed and constructed. 
safe operation of the a r c  tunnel us ing  a hydrogen atmosphere. 
efforts of this period were mainly devoted to an additional study of the a r c  
behavior with a superimposed axial flow, to anode energy balance measure-  
ments with various anode designs and parameter settings, and finally to the 
design and construction of a plasmascope which was used for spectroscopic 
Several new anode configurations 
In addition, provisions were made to allow the 
The research  
I 
temperature measurements  of the arc .  
A brief summary of the w o r k  conducted during the past year i s  
I 
a 
I 
I 
I 
I 
I 
8 
included. 
11. ARC TUNNEL FACILITY 
A. Arc Tunnel Description 
The general layout of the closed-loop, a r c  tunnel facility is  shown 
schematically in Figure 1. The a r c  tunnel consists of a blower, upstream 
plenum chamber with by-pass valve, tes t  section, downstream plenum 
chamber with throttling valve, and a re turn pipe. With this arrangement,  
- 5 -  
flow velocities in the tes t  section between 0 and 120 to 300 m e t e r s / s e c  
(depending on the anode geometry in  u s e )  a r e  attainable. 
in the tes t  section may be set  a t  any value between 20 mmHg and 2 atmospheres 
The pressure  level 
absolute. The tes t  section consists of an aluminum frame on which the various 
anodes and observation windows a r e  mounted. 
view of the tes t  section with a single plane anode installed. 
consists of a 6 .37  mm (1/4 i n ,  ) diameter, thoriated (2%) tungsten rod with 
Figure 2 is a c ros s  sectional 
The cathode 
0 
a 60 
holder situated upstream from the test section as shown in Figure 1. 
conical t ip.  It is held parallel  to the anode(s) by means of a water-cooled 
In order  to meet minimum hydrogen safety requirements, a hydrogen 
chxhaust line to  the laboratory roof was installed. Since the a r c  tunnel facility 
was described thoroughly in the previous Summary Report ( Z ) ,  the details will - 
not be rei terated here.  The remaining paragraphs of this section will be - 
devoted primarily to describing the apparatus which was designed, built, and 
tested during this contracting period. 
B. Plane Segmented Anode 
The plane, segmented anode is shown photographically in Figure 3 .  
It inser t s  into the top of the tes t  section forming a flow passage which is 
50 .8  mm (2 i n . )  square and over 280 m m  long. 
in all--eighteen a r e  12. 7 m m  (1/2 in . )  wide and two a r e  25.4 m m  (1 in.  ) w i d e .  
Each segment i s  insulated both electrically and thermally from the other by 
There a r e  twenty segments 
means of two 0 .  25 m m  thicknesses of "Burnil" paper,  a synthetic mica 
manufactured by the 3M Company. In addition, all segments have been 
relieved approximately 0.25 mm on their  adjoining surfaces  s o  that only a 
small  rim around the edges actually touches the Burnil paper. This leaves a 
- 6 -  
dead-air space between each segment which further decreases the heat exchange 
between them. 
The current lead for  each segment i s  brought out through the 
connecting bolt on top of the anode. 
shield in order  to reduce the effects that the high dI/dt's generated in them 
have on the surrounding measurement circuits. 
ground potential, each segment i s  connected t o  a separate current shunt and 
may be removed from the electrical circuit by means of a heavy duty knife 
switch. The switches allow one to control the location of the anode attachment 
point, a feature necessary f o r  some of the experiments. 
Each lead i s  enclosed in an electrical 
Although the anode is held a t  
The segments consist of a predrilled b ra s s  block onto which a 1.25 mm 
thick sheet of copper has  been silver soldered. 
have been rounded slightly in order  to reduce the possibility of their  being 
preferred a r c  attachment points. 
segment through a passage that is  approximately 1.25 m m  deep a t  a velocity of 
about 35 meters/second (see F i g .  4). The water flow through each segment is 
connected in ser ies  by means of a special manifold arrangement which is 
machined into the Delrin backing plate; thus, only two external water 
connections a r e  needed. 
shown in Fig.  3 )  at  the inlet of the first  segment and the outlet of all the 
segments in order  to measure the temperature r i s e  of the cooling water for  
calorimetric purposes. 
(1/16 in. ) diameter stainless steel tube with a ceramic material  which provides 
a good thermal path to the water while keeping the junctions electrically 
insulated from it. The thermocouples, switches, and lead wires  a r e  shielded 
The sharp edges of the copper 
The cooling water flows across  each 
A copper- constantan thermocouple i s  located (not 
Each thermocouple i s  imbedded in a sealed 1.59 mm 
- 7 -  
in order  to minimize the amount of s t ray pick-up induced by the external 
electromagnet field fluctuations. 
C. 
a r e  
Plane Couble Anode 
The double anode configuration consists of two plane anodes which 
situated opposite each other in the top and bottom of the tes t  section, 
respectively. 
symmetrical  inlet arrangements,  
Two configurations were studied--the unsymmetrical and the 
The f i rs t  design which i s  shown in Figure 5 had an unsymmetrical  
inlet because it was relatively easy to construct. 
anodes was 17.6 m m .  
arrangement led to a second design a s  shown in Figure 6 which has a 
symmetrical  inlet. 
desired f low uniformity. 
of separation between the anodes by putting in various shim thicknesses. 
The distance between the 
The experimental tes ts  made with this anode 
The symmetrical  inlet i s  needed in order  to provide the 
In addition, it also permits one to vary the amount 
The two anodes in the symmetrical  inlet design a r e  electrically 
insulated from the test  section s o  that the current through each anode can 
be measured independently. 
to each anode and a t  the other end to a common lead from the positive 
terminal of the power supply which is grounded; thus, the t w o  anodes a r e  
kept a t  the same potential. 
circuits which permit a separate measurement  of the total energy flux to 
each anode calorimetrically. 
presently be set  at either 5, 10, o r  15 m m .  
A separate current shunt i s  attached at one end 
The two anodes also have their  own water 
The distance between the two anodes can 
- 8 -  
C .  Cylindrical Anode 
The cylindrical anode assembly is shown in Figure 7 .  
anode is held in  the existing tes t  section from the top by means of a special 
b ra s s  holder. 
The anode proper consists of a 7.6 cm (3 in . )  long copper inser t  with an  
inside diameter which can be readily changed by installing different s ize  
inser t s .  Presently,  3.175 (1/8 in. ), 4.  762 (3/16 in. ), 6.350 (1/4 in. ), and 
9.525 mm (3/8  in . )  ID inser t s  a r e  available. 
The 
The holder has a smooth entrance region machined into it.  
111. EXPERIMENTS IN ARGON 
A. Behavior of Arc Without Superimposed Flow 
It is well known that a strong cathode jet generated by MHC forces  
exis ts  in  the cathode region of high intensity, free-burning a r c s  (3, 4, 2). - -  
Characteristically the a r c  column with this electrode configuration has a 
stationary bell shape. However, when the cathode is oriented parallel  to 
the anode surface,  je ts  may appear at both the anode and the cathode (2).  
This situation is depicted in a series of photographs (Fig. 8) taken in an 
argon atmosphere with S = 7 mm, 100 < P < 760 mmHg, and 50 < I < 300 
- 
amps. 
The photographs show two impinging je ts  which a r e  strongly 
affected by the current and pressure settings. When the current was 
increased from 50 to 300 amps, the length of the cathode column, which 
indicates the strength of the cathode jet, increased with the current .  
is reasonable because the jet velocity increases proportional to JIj 
shown by Maecker (3). 
This 
- 
as 
According t o  Ahlborn (6), the current density at - - 
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the t ip  of a thoriated tungsten cathode stays about constant in this current 
range. Thus, the cathode jet velocity var ies  proportional to ,& 
For a given location of the plasma-to-anode attachment point, 
the relative strengths of anode and cathode je ts  a r e  indicated by the angle 
of deflection between cathode column and anode surface.  Other conditions 
being the same,  the amount of deflection i s  greatest  when the attachment 
point occurs far thest  downstream. 
cathode column at  the point of impingement has decayed. 
the anode jet, on the other hand, is almost independent of the location of the 
attachment point. 
greater  when the anode attachment point occurs fa r ther  downstream. 
As the pressure  i s  lowered for a given current ,  both arc  columns 
In this situation, the velocity in the 
The strength of 
Thus, the influence of the anode je t  on the cathode jet is 
spread out, and the strengths of the two jets,  especially the anode jet, 
decrease.  At a pressure  of 100 mmHg, the anode jet disappears completely, 
and the a r c  column assumes an olive shape. The presence of an anode jet 
i s  the result  of the contraction of the anode column at  the plasma-to-anode 
attachment spot which occurs in this case at  higher operating pressures .  
At lower pressures ,  the broadened cathode column apparently increases  
the electrical  conductivity near  the anode arc  terminus enough for  a 
diffuse attachment to prevail, and the anode jet disappears. 
jet occurs when a cathode spot, which is associated with the electron 
emission mechanism, exists on the t ip  of the cathode. 
spot does broaden with decreasing pressure,  i t  probably would not disappear 
f rom this cathode until P < 1 mmHg. 
The cathode 
While the cathode 
1 
- 10 - I 
1 
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B. Behavior of Arc With Superimposed F l o w  
The modes of a r c  operation with a superimposed flow have been 
studied using three different anode configurations--namely, the plane 
segmented anode, the double anode, and the cylindrical anode. In the 
previously reported experiments using an argon atmosphere (2), - two 
different a r c  modes were described--a steady mode and a fluctuating mode. 
The steady mode is characterized by a stationary a r c  column with a fixed 
location of the anode a r c  terminus, and no fluctuations of the voltage a r e  
observed with an oscilloscope. The fluctuating mode i s  characterized by 
a movement of the anode a r c  terminus in the direction of the superimposed 
flow followed by a sudden restrike near the cathode between the cathode 
column and the anode. The corresponding voltage oscillogram is sawtooth- 
shaped because there i s  a linear relationship between the a r c  voltage and 
the a r c  length. The sudden drop in voltage occurs when the a r c  res t r ikes .  
The voltage available for restriking is given by 
0 
U = A U t U  t u  
gap Y a  
A 
A 
m in 
The available voltage varies linearly with x i f  E and the sum 
m ax 
U t U remain approximately constant. It has been shown in the last  
summary report (2)  that this i s  the case. 
Y a  
Restriking occurs a s  soon a s  the - 
available voltage U reaches the required breakdown voltage. F r o m  
experiments performed with the segmented anode, it was found that this 
gap 
potential may be a s  low a s  15 volts. The explanation for this extremely 
- 11 - 
I' 
1 
8 
8 
low breakdown potential has to be sought in the preionization of the gap between 
cathode column and anode surface and the abundance of charge c a r r i e r s  
in the a r c  column (2 ) .  - The high charge ca r r i e r  density gradient from the 
anode surface towards the a r c  column causes a continuous charge c a r r i e r  
flux to the anode surface by ambipolar diffusion. 
diffusing through the gap may in addition generate ion pairs  by thermal 
ionization. 
there i s  a net pre-breakdown electron current f rom the cathode column to 
the anode which var ies  with x according to the potential and conductivity 
distributions in the gap. 
difference exists close to the cathode. 
this region results in a relatively low electrical conductivity. 
depending on the flow and a r c  parameters,  the maximum pre-breakdown 
current will flow a few centimeters downstream from the cathode tip. 
this location restriking becomes most  probable. 
High energy electrons 
Superimposed to the ambipolar diffusion of charge c a r r i e r s  , 
Fig. 17 indicates that the maximum potential 
However, the cold gas flow in 
Thus, 
At 
Smolyakov (7 )  pointed out that photoionization may also contribute - 
to the preionization of the gap. 
gap between cathode column and anode i s  a prerequisite for restriking. 
Other authors (8) claim that turbulence in the - 
Regardless of the preionization mechanism, there is no doubt 
that preionization of the gap combined with a high density charge c a r r i e r  
source a r e  responsible for the observed low breakdown voltages. 
Investigations by Forman (9) - on the electrical conduction in high pressure 
gases indicated that a small number of thermally generated ion pairs  a r e  
already sufficient to cause an appreciable lowering effect on the breakdown 
potential between a thermionically emitting cathode and a conventional 
- 12 - 
anode. 
ionization potential of the working f lu id .  
performed by George (10, 11) using coaxial, heated graphite electrodes in 
a high pressure argon or helium atmosphere.  He also found that a small 
number of thermally generated ion pairs has a significant influence on the 
breakdown potential. 
thermally generated ion pairs  were thought to be due to inevitable impurities 
which have low ionization potentials. 
The breakdown potential may even be reduced to values below the 
Similar experiments were 
--
In his experiments the predominant amount of 
Further evidence of the restriking mode i s  given in papers by 
Smolyakov (7), Harvey, Simpkins, and Adcock (12), Tateno and Saito (13), 
Trokhan (14) and Fischer-Schlemm and Schoeck (8). 
similar a r c  behavior with restriking was found by changing the electrode 
polarity (15). - 
seems to be much smaller than one would expect for an anode a r c  terminus 
under the same conditions. 
- - - 
It is interesting that a - - 
However, the traveling speed of the cathode a r c  terminus 
The transition from the steady mode to the fluctuating mode may 
be described by a critical Reynolds number (16) when using argon in the 
parameter range investigated. With increasing current,  there  i s  a slightly 
increasing tendency of the average Reynolds number a s  shown in Figure 9 ,  
indicating that the transition is not a pure gasdynamic effect, but i s  slightly 
influenced by the electric parameters of the a rc .  
experiments were limited t o  one working f lu id ,  the influence of some 
important parameter,  such a s  the specific heat o r  the thermal conductivity, 
may have been excluded. The Peclet number which indicates the ratio of 
the convectuve to conductive heat t ransfer  processes includes these two 
- 
However, since the 
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propert ies ,  and it may w e l l  be that this dimensionless number provides a 
m o r e  universal correlation of the transition from the steady to the 
fluctuating mode (17). Further  experiments with different gases may shed -
some light on these open questions. 
While studying the parametric dependence of these two arc  modes 
using the three anode configurations described, a third arc  mode was 
observed. With this mode the anode a r c  terminus oscillates back and 
forth along the flow direction of the anode surface producing a more  o r  less 
regular sinusoidal voltage waveform on the oscilloscope. 
magnitude of the voltage fluctuations is relatively small, and no restriking 
is observed. Instead, the prevailing conditions just upstream from the 
In this case the 
a rc  terminus seem to be favorable for  an a r c  "takeover." Therefore, 
this  mode w i l l  be referred to a s  the "fluctuating mode with takeover" in 
contrast  to  the previously mentioned "fluctuating mode with restriking. 
The takeover by the a r c  current at the anode occurs in a region where the 
electr ical  conductivity i s  probably high enough to  permit a ra ther  diffuse 
current transit ion.  The cathode column seems almost to touch the anode 
surface,  and a distinct anode column is no longer visible. 
of the voltage fluctuations AU in the case of a restriking a r c  has to be 
The amplitude 
A 
high enough to produce field ionization leading to a breakdown through the 
cold gas layer overlying the anode. This breakdown always s t a r t s  with a 
thin thread-sized current channel (2) .  
fluctuations AU for the takeover mode i s ,  on the other hand, appreciably 
The amplitude of the voltage - 
A 
lower because no field ionization is required.  
oscillograms in Figures 10-13 and compiled in Table I indicate this trend. 
Data evaluated from the 
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In the latter situation a region of high electrical conductivity between cathode 
column and anode surface which favors a takeover may be generated by 
high currents,  low pressures  or small  electrode gaps. 
superimposed to the a r c  generates a hairpin-shaped current path in the 
vicinity of the anode a r c  attachment. 
into a diffuse plasma column, there is a relatively high electrical  
conductivity between the two current carrying legs of this hairpin which 
might cause a "takeover" and, therefore, short circuiting of a small 
portion of the current loop. 
observed sinusoidal, small  amplitude voltage fluctuations. However, it 
is very difficult to observe and isolate this effect experimentally. 
high speed movies with different speeds, aper tures ,  and masking of certain 
a r c  portions were taken without success.  
to be considered a s  another possible takeover mechanism. 
The gas flow 
Since this hairpin is partly imbedded 
It is conceivable that this may lead to the 
Several 
Nevertheless, this effect has still 
Before discussing the new experiments, some additional data 
evaluated from high speed movies of the fluctuating mode with restriking 
using the plane, non-segmented anode will be reported. 
for taking and evaluating the high speed movies was described in the last 
Summary Report (2) .  - 
within the parentheses were determked from oscillograms, which a r e  
considered less  accurate but much easier  to obtain and evaluate. The 
notations used a r e  defined in Figure 14. 
The procedure 
Table I1 is a compilation of all the results.  The values 
The additioiicii -.chsults a re :  
The speed of the anode a r c  terminus evaluated by an 
additional method using V = Ax/T. 
1. 
A 
a 
‘4 
5 
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2 .  The speed V* of the plasma tail.  
3 .  The electric field intensity evaluated by two additional 
methods using E = AU/Ax and E = A U / T  V . f i A  h a 
The new values of V a r e  in reasonable agreement with the a 
values evaluated by the previous method (V = dx /d t ) .  
the plasma tail is found to be close to the gas flow velocity and seems to be 
insensitive to current, pressure,  o r  electrode separation. The values of 
E evaluated by the two new methods agree well because TV 
close to Ax; however, they deviate in some cases up to 2070 from the 
values determined by E = dU/dx which is within the limit of the experimental 
accuracy. 
The speed V* of a 
i s  always 
a 
A 
The plane segmented anode was studied in several  phases. Arc 
voltage oscillograms and high speed movies were taken for comparison 
purposes of the a r c  operating with both the segmented and non-segmented 
anodes because initially i t  was thought that the sharp edges of the segments 
might be preferred a r c  attachment points. In fact, the edges were slightly 
rounded in order  to reduce such effects. 
oscillograms of the voltage fluctuations which occur with the fluctuating a r c  
mode. The same characteristic sawtooth- shaped waveform is observed 
with both anodes which indicates that the segment edges do not severely 
disturb the a rc ;  however, the small disturbances which appear in the 
Figure 15 shows two typical 
voltage t race  f o r  the segmented anode a r e  probably due to edge effects. 
The high speed movies did not show preferred attachment points with a 
speed of 5000 f r ames / sec  even though there was a 0 . 5  m m  layer of 
synthetic mica separating each segment. 
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The current through the anode column seems to split a s  the 
attachment point moves from one segment to another; that i s ,  part of the 
current flows through one segment and the res t  flows through the other 
although the column itself does not visibly split into two portions. 
splitting effect allows a gradual transition of the current flow from one 
segment to an adjacent segment a s  indicated in the oscillograms in 
Figure 10-13 which show the time dependence of the current flow through 
each segment, the total current, and the a r c  voltage. 
oscillograms, starting at the top, show the individual currents through 4 
consecutive segments and the total current a s  DC signals, and the overall 
voltage a s  an AC signal. F o r  a wide electrode gap, atmospheric pressure,  
and a high blowing rate,  the a r c  will be extinguished because of the l imited 
open-circuit voltage. In the other extreme, for a small gap, low pressure,  
and low blowing rates,  the a r c  operates only in the steady mode. 
corresponding oscillogram is simply a straight line and therefore no 
pictures were included. 
This 
The 6 t races  on the 
The 
The 4 consecutive current carrying segments were in all cases  
the f i r s t  through fourth segment downstream from the cathode tip except 
for the following settings where the second through fifth segments were 
involved: S = 9 mm, I = 100 amps, P = 760 mmHg, and both V = 60 and 
100 m / s e c .  
The oscillograms s h o w  that the total current remains constant 
in spite of the a r c  fluctuations. 
be due to the characteristic of the power supply which exhibits a high 
inductive impedance. Therefore, no sudden current change is possible, 
This feature seems to a large extent to 
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and the restriking of the a r c  shows up only a s  a sudden voltage drop. 
some of the ear l ie r  oscillograms, however, the current t races  show a 
small  fluctuation when restriking occurs. 
which was la ter  found in the a rc  starting circuitry. 
removed, and the fluctuations disappeared from the subsequent measure-  
ments.  
In 
This was due to a capacitance 
A capacitor was 
The t races  of the individual segment currents,  using the grid 
lines of the oscilloscope screen a s  zero references, show two significantly 
different shapes of the increasing current. 
indicates restriking at  the particular segment, while a linear increase 
appears with a transition of the a r c  attachment point f rom an adjacent 
segment upstream. 
since the total current does not change. 
current transition to an adjacent segment downstream; an exponential 
decrease is caused by a decaying plasma column downstream. 
restriking of the a r c  occurs a t  the f i rs t  segment, with a regular transition 
to segments two, three and four, and finally a r c  decay in segment four 
with simultaneous restriking at  the f i rs t  segment. However, restriking 
does not always occur a t  the first  segment, and the a r c  attachment need 
not pass across  all the segments before restriking occurs. Fxamples 
of both the normal and abnormal situations a r e  illustrated in Figure 10 
fo r  P = 760 mmHg and V = 30 m/sec .  
currents add up to a constant total current. 
A nearly exponential increase 
The current decrease has a complementary shape 
A linear decrease indicates a 
Normally 
Note that all  the individual segment 
Considering the restrike process,  one can divide the exponential 
current increase into a steep breakdown part  and a remaining "channel 
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development" part ,  indicated by a gradual current increase.  The time 
required for breakdown was in all cases 80 f 40 p s .  
breakdown current which flows in the region where finally breakdown will 
The maximum pre- 
occur,  gives r i s e  to the development of electron avalanches a s  soon a s  
U reaches sufficiently high values. 
gap 
The mean velocity of the anode a r c  terminus determined from 
these electrical measurements  is in agreement with those obtained f rom 
the evaluation of the high speed movies (see Tables I and 11). 
velocity was always found to be smaller than the blowing velocity a s  
shown in Figure 16. 
This mean 
The segmented anode was also used to measure the average 
f ie ld  strength in the a r c  column. 
the segments except one far  downstream, the a r c  attachment was forced 
to this segment. 
By disconnecting all  the power leads t o  
Then the floating potential of each segment was measured 
with respect to the cathode us ing  a high impedance vacuum tube voltmeter. 
A typical result is shown in Figure 17. 
for  various gap distances S. 
a Y  
a lso  increased while U and the slope of the potential distribution curve 
remained about the same. These measurements  should provide a fairly 
Several sets of data were taken 
As S was increased, the value of U t U 
C 
accurate indication of the average field intensity along the a r c  column. 
The values of U and U t U 
however, the method i s  not too accurate fo r  these measurements.  
established by this method appear reasonable; 
C Y a  
The double anode electrode configuration was conceived a s  the 
next phase in our studies of the a rc ' s  behavior. It i s  felt that the double 
electrode geometry will provide additional information on the a r c  modes 
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and anode attachment anticipated with cylindrical anode geometries. The I 
, 
deflection of the cathode column by the anode jet, fo r  example, may lead I 
to a different anode attachment and possibly to another a r c  mode with this , I 
geometry . 
High speed movies were again taken simultaneously of the a r c  
and the voltage and current oscilloscope t races  for the following parameter 
S = 17.6 and 10 mm.  The same three operating a r c  modes a s  previously 
described were observed. With the steady mode the a r c  attached only one 
anode. (In a subsequent tes t  at P = 30 mmHg the a r c  did attach both anodes 
simultaneously in a d i f fuse  manner with the current flow to the anodes 
being equally divided. ) In the case of the fluctuating mode with restriking, 
the rest r ike phenomena seemed to  be nearly random as neither anode is 
preferred when the cathode is properly centered between the anodes. The 
a r c  may restr ike on the same anode or  jump across  to  the other anode. 
typical excerpt from one of the high speed movies i s  shown in Figure 18. 
A 
The voltage and current t r aces  a r e  synchronized with the recorded a r c  
event. 
observed in the cathode column which seems to influence the restr ike 
phenomenon. 
At the higher flow velocities and pressures ,  a wiggling pattern is 
The "hump" on the wiggles brings the a r c  column closer 
to one o r  the other of the anodes causing a more  favorable res t r ike 
condition. 
restriking up to about 100%. 
The presence of these wiggles may increase the frequency of 
Usually the cathode was adjusted vertically f o r  the fluctuating a r c  
until the average current flow through each anode was about the same,  
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F o r  this condition the cathode column appeared to be deflected downward 
slightly with respect to the upper anode surface indicating that the flow w a s  
perhaps not quite uniform.in the test  section. A quick check with a pitot 
probe under cold-flow conditions showed that the flow velocity was about 
5 per  cent greater near the top of the tes t  section. 
appeared to  be due to the assymmetry of the inlet to the tes t  section 
caused by the addition of the second anode (F ig .  5).  The nonuniformity in 
the flow plus the need for varying the anode spacing led to a second design 
of the double anode assembly which is both symmetr ic  and adjustable 
(Fig. 6) .  
This nonuniformity 
The result was a uniform and symmetric flow pattern. 
The fluctuating mode with takeover was observed only with 
S = 10 mm in the parameter range investigated. 
no distinct anode column can be observed. 
was not isolated until the last  two months of this reporting period, additional 
experiments a r e  required in order to establish the cr i ter ia  for  i t s  existence 
and determine the influence of different parameters .  
A s  mentioned in Section 111-B, 
Since this mode of a r c  operation 
The cylindrical anode configuration represents a closer approach 
to actual engineering a r c  plasma devices. 
geometry should provide a basis for comparing the two simplified geometries 
with actual cylindrically symmetric a r c  plasma generators. 
The results f rom this electrode 
Two cylindrical anodes with an inside diameter of 4.762 mm 
(3/16 in. ) and 9.525 mm ( 3 / 8  in. ), respectively, were investigated. 
Although the a r c  column inside the cylinder is no longer visible, a plasma 
tail emanating from the anode exit i s  visible a s  shown photographically in 
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Figure 19. 
oscillograms a r e  illustrated. 
steady mode where the mass  flux is low. 
to  200 mmHg (b), the a r c  assumed the fluctuating mode with takeover, and 
the plasma jet became shorter and more  diffuse. In Cases  (c )  and (d),  
the fluctuating mode with takeover still  prevailed although the pressure and 
mass  f lux  were mugh higher. In addition, the luminous portion of the 
plasma became larger  than the anode exit, and a hissing noise became 
audible. 
Four typical shapes of the plasma tail  with their  corresponding 
Case (a)  is typical of the a r c  operating in the 
When the pressure was increased 
A comparison of the a r c  behavior using the three anode 
configurations indicates that the various modes of operation are obtainable 
with each of the electrode geometries. 
that the physical phenomena which govern the anode attachment regimes in 
actual engineerkg a r c  plasma devices may be studied using simplified 
anode geometries. 
research  program. 
This finding confirms the supposition 
This concept has been pursued during the entire 
Figure 20 i l lustrates a comparison of the two fluctuating modes 
(restriking and takeover) using the three anode configurations. 
steady mode of operation was also obtained using these three geometries. 
Sir,ce the oscillograms a r e  only straight lines in this case,  they were not 
included in this figure. 
The 
C .  Anode Heat Transfer Studies 
Overall energy balance measurements were performed using 
both the plane segmented anode and the cylindrical anode in order  to determine 
1 
8 
Q 
c 
6 
I 
f 
Q 
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the energy flux to the anode, the heat t ransfer  to the gas, and the other 
energy fluxes, a s  a function of different parameter settings. "Local" 
heat t ransfer  measurements were made using the plane segmented anode 
to study the energy distribution at  the anode surface. 
determined calorimetrically by measuring the flow rate  and the temperature 
The heat f l u  was 
r i s e  of the cooling water. 
wattmeter and calculated by forming a product 
voltage readings, UI. The agreement between 
within the accuracy of the instruments. 
The power input Q 
0 
- 
w a s  measured with a 
of the current and average 
the two determinations was 
The total energy balance per  unit time is given by the following 
equations f o r  the plane segmented anode: 
Q = Q  t c )  t Q  + Q T S t Q R  
T G A C  
Q = QHEt QAR+ QJ G 
1 c (T - T.) 
Q~~ 0 1 
20 
QA= C QS 
S=l (4) 
and QAR is negligible due to TS' F o r  the cylindrical anode Q 
the small  argon m a s s  flow rate  m, hence 
includes Q 
G 
Q = Q  t Q  tQC+QR T G A  
Q G = Q H E t Q  J t Q T S  
The radiation losses through the front window were neglected a s  they were 
insignificant at low a r c  current. At a high a r c  current this loss may still 
only amount to a few per cent of the power input. 
exist: 
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Within experimental accuracy the following relation should 
QT = Q 
0 
F r o m  an e r r o r  analysis i t  was concluded that the maximum deviation 
between Q and Q which is expressed by the relation (Q - Q )lOO/Q 
should be within * 8  per cent. 
T 0 T 0 0 
A Dlane segmented anode was used for "local" heat transfer 
(7) 
measurements .  
anode is divided into twenty segments; it should be realized that the anode 
a r c  attachment a rea  is by far smaller than the a rea  of a single segment. 
Thus, the measured values a re  only useful in establishing qualitative 
trends.  
by measuring the flow rate  and the temperature r i se  of the cooling water 
with two thermocouples connected differentially . 
The w o r d  local is used here only in the sense that the 
The energy t ransfer  to each segment w a s  determined calorimetrically 
Twenty sets of data were taken with various parameter settings. 
The total energy t ransferred to the anode was determined from the 
temperature difference between the water inlet of the f i rs t  segment and 
the water outlet of the last  segment, which is somewhat larger  than the 
value obtained by summing the temperature difference readings from 
each individual segment, because only the segments where the a r c  attached 
give a measurable  reading of temperature r i se .  
results (Table 111) compared favorably with the previous measurements  
taken with the nonsegmented anode (2).  - 
The total energy balance 
The results of the local heat t ransfer  measurements  a r e  shown 
in Figure 21 and 22. The local heat flux to the segments is obviously 
a 
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dominated by the current flux distribution since the heat flux caused by 
convection and radiation to an individual segment was found to be negligibly 
small .  
Figure 21 shows the effects of various pressures  and velocities 
on the heat f l u x  distribution a t  the anode surface. Operating the a r c  in the 
steady mode (I = 100 amps, P = 100 mmHg, V = 25 m / s e c ,  S = 7 mm) leads 
to an anode a r c  attachment a t  one segment which takes essentially the 
entire anode heat flux. 
steady mode is still maintained, but the anode a r c  terminus is shifted 
to the adjacent segment downstream which now shows the maximum heat 
flux. A further increase of the flow velocity to 75 m / s e c  puts the a r c  in 
the rather  unstable transition region between the steady and the fluctuating 
mode with restriking. The corresponding heat flux distribution indicates 
that the steady mode was preferred, but occasionally the a r c  switched to 
the fluctuating mode with restriking. At a flow velocity of 100 m/sec ,  the 
a r c  definitely assumes the fluctuating mode with restriking which spreads 
the heat f l u x  over several segments. 
velocity increases  the repetition frequency of restriking a s  well a s  the 
number of segments attached by the a r c .  This effect spreads the total 
heat flux ra ther  uniformly across  the anode surface and leads to a lower 
peak anode temperature--an effect which is very favorable f o r  the lifetime 
of the anode. 
replaced by a moving point heat source(17). - 
there  is a considerable reduction of the peak anode temperature.  
By increasing the flow velocity to 50 m / s e c ,  the 
Increasing the pressure o r  flow 
In a simplified analysis the anode a r c  terminus may be 
This analysis shows that 
In spite 
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of the simplifying assumptions, this analysis should at least give the 
cor rec t  order of magnitude of the temperature reduction to be expected 
at the anode. 
Figure 22 demonstrates the influence of the a r c  current and the 
electrode gap on the anode energy t ransfer .  
electrode gaps distribute the anode heat flux to a la rger  a rea  ( larger  
number of segments). 
Small currents  and large 
A cylindrical anode with a 9.525 mm (3 /8  in. ) diameter was used 
for  total energy balance studies. With this anode configuration, the tes t  
section pressure was measured downstream from the anode exit. An 
approximate value of the flow velocity V in the cylindrical anode was 
determined by measuring the pressure drop along the anode. 
Table IV l is ts  all the results obtained from the energy balance 
measurements .  The deviation between Q and Q which is expressed by 
T 0 
the relation (Q - Q )lOO/Q was within the established e r r o r  limit of 
f 8 per  cent fo r  all but 3 of the 64 runs. 
that the a r c  was in a transition state between steady and fluctuating modes 
with restriking, which made accurate measurements almost impossible. 
T 0 0 
It was observed in those cases  
The results of Table IV indicate for the range tested that the 
heat t ransfer  to the gas and to the anode a r e  the only significant quantities. 
The heat losses to the cathode holder a r e  negligible. 
is plotted a s  a function of the governing parameters .  
heat t ransfer  to the anode is almost independent of the a rc  current setting 
except at low currents.  
with the current.  
In Figure 23, 
The percentage of 
QA, on the other hand, var ies  proportionally 
The power input which should be equal to  Q varies  about T 
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linearly with the current because U is nearly constant except at low currents 
in the range tested ( 2 ) .  Therefore,  Q /Q should be nearly independent of A T  - 
the current in the higher current range. 
The heat flux to the anode shows a decreasing tendency with 
increasing pressure and flow velocity because the heat t ransfer  to the gas 
increases  with increasing mass flux (rl? /\r P V ) .  
the important trends of the anode energy t ransfer  a s  a function of the 
governing a r c  parameters .  However, no significance should be attached 
to the relatively high absolute values a s  they strongly depend upon the 
anode length. 
order  to provide a base for a realistic comparison of the a r c  behavior 
observed with a long plane anode. 
efficiency of the anode, a much shorter  anode is advantageous. 
Thus, the results indicate 
In the present case a long cylindrical anode was used in 
If the emphasis is  put on the thermal 
I V .  SPECTROMETRIC TEMPERATURE MEASUREMENTS 
Spectrometric temperature measurements  were made of the 
These measurements a r c  operated in argon at atmospheric pressure.  
necessitated the design and construction of a new optical system, called 
the plasmascope, which projects the image of the a r c  on the entrance slit 
of a Bausch and Lomb 2-meter spectrograph in an adjacent temperature 
controlled room. 
A.  The Plasmascope 
The plasmascope contains two large coated achromatic lenses 
(D = 15 cm, f = 229 cm), a large iris diaphragm, and five front surface 
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aluminum m i r r o r s  (see F igs .  24-26).  
the focal planes of the f i rs t  and second lens, respectively. 
object point a r e  parallel between the lenses, and the different bundles 
diverge only slightly due to the long focal lengths. 
the lenses i s  approximately equal to the sum of the focal lengths. 
the magnification i s  unity because most plasmas to be viewed a r e  slightly 
smaller  than the spectrometer slit height (2 cm).  The plasmascope gives 
a 2 cm depth of field assuming an image radius of confusion of 0 .05 m m .  
Resolution and focus were checked using fine lined graph paper and were 
found acceptable after careful selection from available m i r r o r s .  The 
relative transmissivity of the plasmascope as  a function of wavelength 
(limited by the glass lenses) is  shown in Figure 27. 
The a r c  object a n d  i m a g e  are  in 
Rays from any 
The distance between 
Presently 
The a r c  is positioned on the spectrometer slit by means of a 
motorized "plasmascanner" which consists of the f i rs t  lens and three 
m i r r o r s  (15 x 21 cm)  mounted on a converted U.S .  N o .  1 milling machine. 
The f i r s t  m i r r o r  and lens a r e  attached to the horizontal slide, the second 
m i r r o r  to the vertical slide (which also guides the horizontal slide), and the 
third mi r ro r  is fixed. The carbon calibration a r c  is also mounted on the 
horizontal slide such that only an additional m i r r o r  need to be swung into 
place before calibrating. 
location of the calibration a r c  and the actual a r c  were evaluated by taking 
calibration a r c  runs in both positions. 
The ratio of the transmissivit ies from the 
The other two mi r ro r s ,  the i r i s  diaphragm, and the second lens 
a r e  mounted on an optical bench next to the wall parallel to the spectrometer.  
The optical bench also serves  in the alignment of the optical system, as a 
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mount for additional optical components in case different magnifications a r e  
desired,  and in auxiliary optical experiments. The diaphragm location 
(Figs .  24-26) was chosen so that the fraction of the intensity losses is the 
same for al l  points of the a r c  viewed. 
The iron a r c  stand, located on the optical bench beside the 
spectrograph, i s  used for wavelength determination and some qualitative 
analysis. 
B .  Experimental Procedure 
The spectrometer has a photoelectric readout system (18, 19). -- 
The output from the two photomultipliers mounted at the exit plane of the 
spectrometer i s  amplified by two Leeds and Northrop micro-micro 
ammeters ,  and then fed into a Speedomax s t r ip  chart recorder  which can 
be switched to either ammeter .  The spectrometer grating has a motorized 
rotation around a horizontal axis (20), enabling the lateral  scannkg of a r c  - 
intensity profiles. 
A line and a neighboring continuum profile a r e  recorded on the 
s t r ip  chart, folded on their  centers, each averaged to account for small 
asymmetries,  and their  differences read to obtain the net line intensity. 
The net lateral  line intensity I(x) follows from a rea  and optical considerations, 
along with the calibration a r c  intensity f rom the carbon a r c  taken before 
and after each set  of data. The positive c ra t e r  of the carbon a r c  was 
0 
assumed to have a temperature of 3800 K and an emissivity of 0 . 9 8  
according to Null and Lozier (21). - 
C . Analytical Considerations 
F rom the measured 
- 29 - 
ateral  line intensities I(x), radial intensities 
i (r)  may be determined using Abel's integral equation. 
R 
I 
i ( r )  r d r  
2 2 1/2 ~ ( x )  = 2 J X 
tr - X I  
This equation may be transformed to (22): - 
R 
(9) 
Several methods may be used to determine a r c  temperati r e  
distributions spectroscopically (1, 18, 19). In this report ,  only t w o  methods 
will be considered. 
intensity. 
line emanating from an optically thin plasma in local thermodynamic 
equilibrium (LTE) and for a particular species per  unit solid angle and 
volume is 
- - -  
The first method makes use of the absolute line 
The equation describing the emission coefficient of a spectral  
n(T)h . exp(-E /kT)  1 
4l-T n grn Z ( T )  m 
i (T)  =  Am 
m 
n 
where A is the transition probability from an excited state m down to 
i s  the statistical weight at m, n i s  the species particle density, Z 
gm n, 
i s  the species partition function, h i s  Planck's constant, v is the frequency, 
E is the excitation energy a t  m ,  and k is Boltzmann's constant. The 
equation may be solved for  the temperature by iteration o r  graphically 
with a given intensity distribution. 
temperature relation for AI 4259. 
m 
Figure 28 shows a plot of the intensity- 
- 30 - 
The second method for  spectroscopic temperature determination 
u s e d  here consists of taking the ratio of intensities of an ion to a neutral 
line, each in the form of Equation (10). Using the Saha equation for the 
particle densities, the result is 
where t and o indicate ions and neutrals respectively, n and m a r e  the 
e e 
electron density and mass ,  and E is the ionization energy, This equation I 
must also be solved iteratively o r  graphically fo r  the temperature.  The 
particle densities and partition function were obtained from (23) assuming -
and E were taken from Olsen 
gm m 
LTE. The transition probabilities, 
All the calculations described above were done on a Control 
Cata 1604 computer except for the temperatures from the absolute 
intensity measurements  which were obtained graphically from Figure 28 .  
The computer, however, calculated all the absolute radial intensities. In 
processing the data, the computer f i rs t  smooths the input data, which was 
broken into a maximum of 5 intervals, using a least squares fitting of a 
fourth degree polynomial. Each interval had at least  seven data points. 
The (absolute o r  relative) radial intensities a r e  then calculated, followed 
by the appropriate temperature determination. 
D. Results 
The temperature distributions a r e  presented in Figure 29 for  
an argon a r c  a t  1 atm. The flow velocity along the a r c  was 25 m / s e c  with 
- 31 - 
a current of 60 amps.  
distance S between the cathode tip and anode was 7 mm.  The anode was 
segmented with a segment width of 1 .27  cm (1/2 in. ). 
was electrically connected forcing the anode a r c  terminus to this segment. 
The attachment point fluctuated over the width of this segment, staying 
somewhat longer at the downstream end of the segment. 
(Fig.  30), the zero point of the scale i s  actually at the cathode tip but 
appears somewhat shifted due to a parallax effect. Figure 31 i s  a picture 
of a spectrographic plate with spectra taken at various positions f rom the 
cathode. The lines used for  the evaluations a r e  indicated. 
Figure 30 i s  a photograph of the a r c  tested. The 
The sixth segment 
In the photograph 
Absolute intensity profiles were determined for AI 4259 and 
AI1 4806, the latter being usable only in regions where the temperatures 
a r e  sufficiently high, i. e .  under the given a r c  conditions up to 5 mm 
from the cathode tip. 
were also taken f o r  AI 4272 and AI1 4879. 
At a position of 1 mm,  absolute intensity profiles 
The temperature profiles shown in Figure 29 were obtained 
using the absolute intensities of AI 4259 from Figure 28, with the exception 
of the hotter center regions at 1, 2,  and 5 mm where the application of the 
neutral line method is not very accurate because of the weaker intensity 
dependence on temperature.  
AI1 4806 and AI 4259 was taken to  evaluate the temperatures.  
evaluation of the data at positions from 10 to 120 mm,  the actual value of 
the spectrometer slit width was needed which was la ter  found not to  be 
reproducible. 
might deviate up to  50% which involves an e r r o r  in the resulting tempera-  
In the la t ter  case,  the intensity ratio of 
For the 
By using an average of the measured slit widths the intensities 
8 ' '  
1 
I 
1 
III 
I 
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0 
tu res  of up to 5% below temperatures of 12, 000 K.  
absolute intensities of AI1 4806 as well a s  A I  4272 and AI1 4879 and their  
intensity ratio resul ts  agree well with the temperature profiles,  though 
they are not plotted here .  
The temperatures from 
Figure 32 shows the temperature field obtained from the profiles 
in Figure 29. 
isotherms in the region between 60 and 90 mm where the anode attachment 
The dashed lines indicate an estimated continuation of the 
distorts the symmetry of the arc  and beyond 120 mm where no measurements 
were taken. 
V. PRELIMINARY EXPERIMENTS IN HYCROGEN ATMOSPHERE 
One of the most serious problems in connection with hydrogen 
a r c s  is the high specific heat flux at the anode, 
2 
efficient water cooling system which i s  able to remove about 15 kW/cm , 
local melting or  evaporation of the anode may occur. This situation has 
been experienced at high pressures  even at moderate currents .  
p ressure  a s  well a s  the high heat conductivity of the working f lu id  lead to a 
constricted anode attachment. 
fall region) and of the boundary layer apparently have a decisive influence 
on the current transition and therefore  also on the local heat t ransfer  to the 
anode. A cold surface favors a constricted attachment in order  to keep the 
electron temperature and with it the electr ical  conductivity sufficiently 
high in spite of the intense cooling in the boundary layer .  
anodes may  permit a more  diffuse current transit ion.  
In spite of using the most 
The high 
The properties of the anode sheath (anode 
High temperature  
In order  to  prevent 
specific heat loads at  the anode which a r e  too high, the anode arc  terminus 
1 
- 33 - 
may be moved with high velocities over this surface distributing the heat 
flux over a larger  area.  
the specific heat fluxes within reasonable limits a s  shown in a simple 
experiment described in the last  year’s Summary Report (2) .  
Heated anodes offer another possibility of keeping 
- 
The tes ts  in a hydrogen atmosphere revealed that there  is only a 
limited parameter range in which this a r c  can be operated. 
mode of operation i s  only permissible a t  very low pressures  (P < 20 mmHg) 
where the anode a r c  attachment occurs in a rather diffused manner.  
increasing pressure the anode a r c  attachment becomes more  constricted 
and an  intolerable amount of copper is evaporated from the anode. This 
effect can be observed with the bare eyes because the predominant red 
radiation (H ) of the visible hydrogen spectrum turns to green which is 
characterist ic fo r  copper. In addition, the anode surface appears eroded. 
The transition from the steady mode to  the fluctuating mode occurs at about 
150 mmHg and 100 m / s e c  (the highest attainable f low velocity). 
the lower limit f o r  the pressure parameter i s  about 150 mmHg. 
The steady 
With 
a 
Therefore, 
In the higher pressure and  flow velocity range, difficulties 
a r i s e  f rom the limited open-circuit voltage of our  present power supply. 
The field intensity required for a hydrogen a r c  is much higher than for an 
argon a rc .  
exhibits a very steep slope in the low current range resulting in rather unstable 
operation. F o r  stable operation at low currents (80 < I < 150 amp) the a r c  
voltage may reach about 50% of the open-circuit voltage which is presently 
only 160 volts. 
supply with an open-circuit voltage of 75 volts and a maximum current of 
In addition, the volt-amp characterist ic of a hydrogen a r c  
In order to improve this situation, an additional power 
I 
1 
8 
8 
1 
8 
8 
8 
t 
I 
8 
I 
B 
I 
I 
I 
8 
8 
e 
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500 amps has been connected in ser ies  with the existing power supply. 
this means the parameter range could be somewhat extended. 
By 
The starting procedure consisted of striking the a r c  in a pure 
argon atmosphere.  
the a r c  atmosphere w a s  gradually changed to  pure hydrogen. 
checked spectroscopically. 
could be found after repeating the above process about 15 t imes.  
Then by alternately evacuating and bleeding in hydrogen, 
The purity w a s  
No detectable argon lines or  other impurities 
A high speed Fastax film showed essentially the same a r c  
behavior a s  experienced when using argon a s  the working f luid.  However, 
the flow velocity required for the fluctuating mode and therefore the speed 
of the anode a r c  terminus were much higher. 
a r c  movement with a camera  speed of 5000 f r ames / sec  was no longer 
satisfactory. The time interval T required for  one cycle of the moving 
a r c  became equal or  even shorter  than the time interval between two f rames  
of the Fastax film. 
Thus, the resolution of the 
Figure 33 is a still  picture of the hydrogen a r c  operating in the 
- 3  
fluctuating mode which was taken with an exposure t ime of 10 
Because of the fast  movement of the anode a r c  terminus and the relatively 
long exposure t ime, s t reaks appear in  the downstream part  of the a r c .  
sec.  
VI. SUMMARY 
Thermal analyses and studies of arc-flow interactions in the anode 
regime of an electric a r c  operated in an argon atmosphere with different 
anode configurations were performed. The influence of the governing 
- 
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parameters ,  namely a r c  current,  flow velocity, pressure,  and electrode 
gap, on the a r c  behavior and the anode heat fluxes was investigated. 
large number of overall and t'local'' energy balance measurements were made 
A 
in order  t o  determine trends of the ener.gy dissipation from the a r c .  F r o m  
spectroscopic temperature measurements,  the isotherms of the a r c  column 
and the thermodynamic state of the plasma can be determined. 
The results of this program a r e  summarized in more  detail in 
the following list: 
1) A plane segmented anode and several  cylindrical anodes 
designed to  f i t  into the tes t  section of the a r c  tunnel were 
constructed and tested. 
2) The a r c  disclosed two impinging electrode jets which are 
strongly affected by the current and pressure  settings. 
Results f rom additional evaluations of high speed movies 3 )  
and oscillograms f rom the fluctuating mode with restriking, 
taken with the plane non-segmented anode, a r e  in reasonable 
agreement with data f rom last  year 's  Summary Report. 
The transition from the steady mode to the fluctuating mode 4) 
with restriking may be described by a cri t ical  Reynolds 
number which varies between 3000 and 6500 in the parameter  
range investigated. However, the Peclet number which 
includes additional g a s  properties may provide a more  
unive r s a1 correlation. 
Another operational mode of the arc with superimposed 5) 
argon flow has been found which is designated the "fluctuating 
- 36 - 
mode with takeover" and i s  characterized by more  o r  less  
sinusoidal voltage fluctuations. 
This mode of operation, together with the other two modes 
described in last  year's Summary Report, i s  found with 
6 )  
simplified as  well as cylindrically symmetr ic  anode 
configurations, 
Heat t ransfer  studies with the segmented anode showed that 7 )  
the heat flux to  the anode may be spread rather  uniformly 
across  the anode surface i f  the fluctuating mode with restriking 
is maintained. 
In the case  of small a r c  currents and large electrode gaps, 8 )  
the heat flux to the anode was distributed over a la rger  area 
with the restr ike mode diminishing the specific heat flux. 
The "local" anode heat flux measured with the segmented 9 )  
anode was dominated by the current flux distribution as the 
contribution of convection and radiation was negligibly small .  
The heat t ransfer  to  the cylindrical anode decreases with 
increasing m a s s  flux m through the anode (m h, P V )  a s  the 
10) 
heat t ransferred to the gas increases at constant current.  
The percentage of heat t ransferred to the anode is nearly 
independent of the current in the higher current range. 
11) 
This 
result is a consequence of the predominant contribution by 
the current flux to the anode heat t ransfer .  
By means of an optical system built for  viewing the a rc ,  the 12) 
temperature distribution a t  atmospheric pressure  in the 
c < . 
"I 
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cathode column w a s  determined using absolute and relative 
line intensities. 
close to  the cathode tip reached about 16, 000 K. 
Preliminary tes t s  i n  a hydrogen atmosphere revealed that 
there  is only a limited parameter  range in which the a r c  
can be operated,  
heat flux at the anode and the low open-circuit voltage of the 
present power supply. 
For  a current of 60 amps,  the temperature 
0 
13) 
These limits a r e  due to  the excessive local 
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